The neuromuscular junction is a highly specialized cholinergic synapse, essential for initiating nerve-evoked muscle contractions by means of neuromuscular transmission. Loss or dysfunction of any component of this junction might affect synaptic performance. Congenital Myasthenic Syndromes (CMSs) are rare heterogeneous disorders of autosomal inheritance caused by genetic defects affecting neuromuscular transmission that results in skeletal muscle weakness and abnormal fatigability on exertion. The onset is usually from birth to childhood. CMSs are more uncommon than autoimmune myasthenia gravis. CMSs are classified based on their genetic and clinical presentations into presynaptic, synaptic basal lamina, and postsynaptic CMSs. To date, mutations in more than 25 genes have been implicated in the pathogenesis of CMSs. In this review article, different CMSs diagnostic procedures are investigated, and the genetic, clinical, and molecular aspects of CMSs are outlined. 
Clinical Characteristics
ongenital Myasthenic Syndromes (CMSs) represent a clinical and genetic heterogeneous group of rare inherited conditions characterized by fatigable muscle weakness, including ocular, bulbar and limb muscles, caused by a defective neuromuscular transmission, which worsens with physical exertion. Different CMS subtypes vary with respect to its severity, the age of onset, course of weakness, and response to treatment [1] . The muscle weakness in most patients occur within the first 2 years of life, but it can also appear in adolescence or adulthood. Main features of the infantonset subtype include feeding difficulties; poor sucking and weak crying, respiratory insufficiency with sudden apnea and cyanosis, choking spells, blepharoptosis, as well as facial and bulbar weakness. Subtypes with childhood-onset are presented with atypical muscle fatigability, difficulties in activities like climbing stairs, late motor milestones, transient eyelid ptosis, and constant or transient extraocular muscle weakness [2] .
Epidemiology
Estimating the prevalence of CMS is difficult because they are rare and have variable expressions in general population, besides patients have not been diagnosed genetically yet. Recently a study in the United Kingdom illustrated that prevalence of CMS in under 18 years old C individuals was about 9.2 cases per million. A significant part of the patients who diagnosed according to clinical presentations have not been verified genetically yet. Therefore, prevalence of this disorder might increase in the future [3] .
Diagnosis Generic diagnosis
Congenital myasthenic syndromes can be diagnosed based on clinical features such as fatigable weakness involving ocular, bulbar, and limb muscles with the onset at birth or during early childhood, as well as decremental EMG response of CMAP (the compound muscle action potential) on low-frequency (2-3 Hz) stimulation. In sporadic cases after age one, tests for antibodies including anti-AChR and anti-MUSK are indicated. In newborn child poor sucking or weak crying, generalized hypotonia, or arthrogryposis are the only features, so CMS diagnosis might be hard in them [4, 5] .
Genetic diagnosis
The genetic diagnosis may verify primary diagnose of CMS. Whole genome and exome sequencing are being used to find CMS mutations but these methods and bioinformatics analysis are costly and mutations must be identified by Sanger sequencing and gene panels for CMS mutations that are now commercially available. Thus copy number mutations can be verified by array methods such as comparative genomic hybridization (CGH array) [6].
Classification and Genetic Changes
Congenital Myasthenic Syndromes (CMSs) are classified based on the pattern of inheritance. These disorders are commonly inherited in an autosomal recessive pattern. Rarely, they are inherited in an autosomal dominant fashion (Table 1) . CMSs are also classified according to the localization of the corresponding deficiency at the neuromuscular junction as presynaptic, synaptic basal lamina-associated, and postsynaptic compartment CMSs [2, 4] . So far, mutations in more than 25 genes is influential in the Neuromuscular Junction (NMJ) and have been identified in causing CMSs. Gene mutations change the function of the neuromuscular junction proteins and defect signal transmission between the ends of nerve cells and muscle cells. Defective signaling results in an impaired movement of skeletal muscles, fatigable muscle weakness, and delayed development of motor skills [1] .
Presynaptic CMSs
Dysfunction of choline acetyltransferase (Encoded by the CHAT gene, 10q11.23) Neuromuscular transmission between cholinergic neurons and their target cells is dependent on functional choline acetyltransferase (ChAT) [7] . ChAT deficiency is a type of CMSs caused by a defected enzyme located in the presynaptic terminal region of the neuron. CHAT mutation is also referred to as CMSs associated with threatening episodic apnea and early onset in the neonatal period. Various degrees of ptosis are also reported [7, 8] . Anticholinesterase medication, such as pyridostigmine might be effective and some patients with CHAT mutations might be partially responsive to combined treatment with an anticholinesterase drugs and amifampridine (3,4-diaminopyridine) [9] .
Synaptotagmin 2 dysfunction (Encoded by the SYT2 gene 1q32.1 (and Lambert Eaton Myasthenia Syndrome
Synaptotagmin 2 (SYT2), a synaptic vesicle protein, is the main isoform of the synaptotagmin family at mammalian neuromuscular junctions, which acts as a calcium sensor for signal transmission. Autosomal dominant heterozygous missense mutations in the C2B domain is a major cause of presynaptic congenital myasthenic syndromes and hereditary Lambert Eaton Myasthenic Syndrome (LEMS) [10] . LEMS is a rare presynaptic disease of neuromuscular transmission due to inappropriate secretion of acetylcholine. Clinical features are lower tendon reflexes, proximal muscle weakness, autonomic manifestations, and post-tetanic potentiation. These primary representations can be analogous to that SNAP25 belongs to SNARE (soluble N-ethylmaleimide sensitive factor attachment protein receptors) complex. [12] . Synaptobrevin and syntaxin1 help to produce SNARE complex by providing one α-helix. SNAP-25 combined with synaptobrevin and syntaxin1 and the chosen binding of these proteins allow vesicle fusion to occur at the true site. Autosomal dominant mutations of SNAP25b is presented with muscle weakness and ptosis. This results from the decline in the amount of acetylcholine secreted from the presynaptic nerve terminal following each impulse [13] . Amifampridine (3,4-diaminopyridine) is often used in the treatment of SNAP25 congenital myasthenic syndromes [2] .
Unconventional myosin IXA dysfunction (Encoded by the MYO9A gene, 15q23)
Unconventional myosins are expressed in neurons of the peripheral nervous system that establish a branch of myosin family of molecular motors. They attach to actin filaments and move relative to the actin cytoskeleton of cells [14] . By identifying the compound heterozygous and homozygous recessive missense variants in an unconventional myosin gene, MYO9A in two unrelated congenital myasthenic syndrome families represent CMSs. While, mutations in MYO5A are not fully categorized in the presynaptic form, the manifestations and the experimental data are consistent with a presynaptic dysfunction [15] [16] [17] .
Synaptic CMSs
Mutations in acetylcholinesterase-associated collagen (Encoded by COLQ gene 3p25.1)
Acetylcholinesterase deficiency results from mutations in the Collagen-Like tail subunit (COLQ) that encodes the collagenous tail of Acetylcholinesterase (AChE) [18, 19] . COLQ gene mutations are generally explained in synaptic CMSs patients suffering from a severe, progressive weakness with the onset at birth or in early childhood. Hypotonia, ophthalmoparesis, ptosis, poor cry and suck and restrictive respiratory conditions are the symptoms in the neonatal period. In addition, patients with the late onset, have a milder course of the disorder. Mutations are mainly autosomal recessive and mostly act in compound heterozygosity way [20, 21] .
Anti-acetylcholinesterase therapy, such as pyridostigmine and amifampridine, which are beneficial for other forms of CMSs, exacerbates the clinical course in cases of AChE deficiency. Treatment with ephedrine and albuterol has been effective in some cases [22, 23] .
Dysfunction of Laminin-β2 (encoded by the LAMB2 gene 3p21.31) causing a severe form of synaptic congenital myasthenic syndrome and Pierson syndrome Laminin proteins are thought to be involved in nuclear consistency, chromatin structure, and gene expression [24] . Mutations in the gene LAMB2 represents a new type of synaptic CMSs that shows a wide variety of phenotypes with classic renal and ocular dysfunction of Pierson myasthenic syndrome, a severe type of (CMSs) with autosomal recessive inheritance pattern related to congenital nephrosis and ocular defects. This emphasizes the basic role of laminin-β2 in the evolution of the human Neuromuscular Junction (NMJ). It represents a pyridostigmine avoidance (clinical worsen) and ephedrine responsive phenotype form of CMSs with prominent proximal limb fatigue [24, 25] .
Postsynaptic CMSs

Primary defects of acetylcholine receptor
Congenital myasthenic syndromes with primary acetylcholine receptor defect (with absent or only partial kinetic anomalies) shows the most common form of CMSs and associated with mutations in genes that encode any of the acetylcholine receptor subunits, including CHRNA1, CHRNB, CHRND, CHRNE, CHRNG. Mutations in CHRNE are one of the most common causes for their defects in both alleles of CHRNA1, CHRNB or CHRND genes that are often not compatible with life, resulting in fetal period abortion [26] [27] [28] . There is partial responsive pattern to pyridostigmine, amifampridine (3,4-diaminopyridine) and albuterol use in clinical practice [2] .
Slow channel congenital myasthenic syndromes
The slow channel CMSs are involved in mutations of Acetylcholine Receptor (AChR) subunit-genes that present autosomal dominant inheritance [29] . Muscle weakness and severity of disease phenotype varies, and might manifest during neonatal period or might not develop until maturity. Scapular, cervical and finger contraction muscles are often exclusively involved. Uncommon late-onset manifestations have been identified as imitating autoimmune myasthenia gravis and scarcely with mildly raised serum creatine kinase rates [30] . The patients are responsive to fluoxetine and quinidine, but unresponsive to amifampridine (3,4-diaminopyridine) and pyridostigmine [2] .
Fast channel congenital myasthenic syndromes
Identified mutations affecting A, D and E subunits of AChR cause fast channel type of congenital myasthenic syndrome. Pattern inheritance of fast channel syndrome is autosomal recessive and clinical severity varies that usually starts within the first 10 years of life. The phenotypes of fast channel syndrome include ocular, bulbar, and respiratory symptoms and extreme limb weakness [31, 32]. The patients are responsive to the combination of amifampridine (3,4-diaminopyridine) and cholinesterase inhibitors, however, fluoxetine and quinidine must be avoided [2] .
Dysfunction of plectin (Encoded by the PLEC gene 8q24.3)
Plectin is a cytolinker protein with exon 1 splice variants causing multiple isoforms, with critical tasks in signal pathway, cytoskeleton stability, and keeping the integrity of cell and whole tissue [33] . Pathogenic mutations in plectin cause Epidermolysis Bullosa Simplex (EBS), Muscular Dystrophy (MD), pyloric atresia, limbgirdle muscular dystrophy type 2Q, and congenital myasthenic syndromes. Patients with EBS since infancy develop a progressive myopathy and congenital myasthenic syndrome refractory to pyridostigmine [34, 35] .
Prolyl endopeptidase-like protein dysfunction (Encoded by the PREPL gene 2p21)
In patients with hypotonia-cystinuria syndrome, a recessive congenital disorder, microdeletion of the SLC3A1 and PREPL genes on chromosome 2p21 is presented with hypotonia at birth, nephrolithiasis, deficiency of growth hormone, minor facial dysmorphism, and thrive failure [36] . Mutations in PREPL gene is a novel monogenic disorder that causes a congenital myasthenic syndrome with presynaptic and postsynaptic manifestations. The congenital myasthenic syndrome in PREPL deficiency with or without cystinuria might respond to pyridostigmine during childhood [37] .
Rapsyn dysfunction (Encoded by RAPSN gene 11p11.2)
RAPSN mutations are accountable for Rapsyn (RAPSN) and AChR reduction at the neuromuscular junction [38] . Pathogenic mutations in RAPSN are a common cause of postsynaptic congenital myasthenic syndromes that lead to a phenotype specified by bulbar symptoms, neck muscle fatigue, oscillating ptosis and moderate proximal muscle weakness. These autosomal recessive CMSs are presented most frequently in neonates during the first year of life, imitating chronic hypoxic ischemia. Clinical findings associated with neuromuscular junction deficiency symptoms might raise the probability of rapsyn dysfunction [39, 40] . Amifampridine (3,4-diaminopyridine) and salbutamol are often used to treat rapsyn CMSs [4].
Sodium channels dysfunction (NaV1.4) (Encoded by the SCN4A gene 17q23.3)
Over 60 mutations of SCN4A have been detected in patients with myotonia, periodic paralysis and CMSs [41] . Most mutations are missense with gain-of-function deficiencies that increase susceptibility to myotonia or periodic paralysis. Loss-of-function is rare and related to an extremely rare form of CMS with brief and sudden attacks of muscle weakness and neonatal respiratory failure, while a blend of loss and gain of function mutations is associated with hypokalemic periodic paralysis [42] . Treatment with acetazolamide and pyridostigmine has been effective in some cases [43] .
Defects in endplate development and maintenance CMSs Agrin dysfunction (Encoded by AGRN gene 1p36.33)
Agrin is a heparan sulfate proteoglycan, which plays an important function in the evolution and retention of the neuromuscular junction. Agrin forms agrin-MUSK-LRP4 DOK7 signaling pathway together with DOK7, LRP4, and MUSK [44] . Autosomal recessive mutations in the AGRN gene were shown to cause a very uncommon spectrum of congenital myasthenic syndromes with ptosis and fatigable limb weakness. They also show an unusual correlation between the mutated gene and the related phenotype. It provides a proper rationale to diagnose patients with obvious distal myopathy for a neuromuscular deficiency and agrin-related mutations [45] . Salbutamol and ephedrine treatment is recommended for patients with mutations in the agrin-LRP4-MUSK-DOK7 pathway and general failure in response to amifampridine (3,4-diaminopyridine) and pyridostigmine [2] .
Receptor tyrosine kinase (MUSK) dysfunction (Encoded by the MUSK gene 9q31.3)
Mutations in MUSK result in extremely rare CMSs. The phenotype explains a more intense clinical feature with prenatal onset, or during infancy. Predominant bulbar and respiratory defect with neonatal ptosis, facial and axial weakness, and ophthalmoparesis are of diagnostic issues [46] . Amifampridine (3,4-diaminopyridine) is often used to treat MUSK CMS, and pyridostigmineavoidance phenotype (clinically worsen) [2, 47] .
Low-density lipoprotein receptor-related protein 4 dysfunction (Encoded by the LRP4 gene, 11p11.2)
LRP4 expressed on the surface of the neuromuscular junction postsynaptic membrane is a receptor for neurally-released agrin, and LRP4 bound by agrin activates MUSK [48] . Activated MUSK with Dok7 stimulates rapsyn to localize and anchor AChR on the postsynaptic membrane that cooperates with other proteins in neuromuscular junction collection and maintenance. LRP4 mutations cause diseases, including Congenital Myasthenic Syndrome (CMSs), Cenani-Lenz syndactyly syndrome, and sclerosteosis [49] .
Cytoplasmic protein downstream of kinase 7 dysfunction (Encoded by the DOK7 gene 4p16.3)
Autosomal recessive mutations in DOK7 gene are responsible for approximately 10% of the genetically identified CMSs, and limb-girdle type of CMSs. This gene is essential not only for the organization, but also for the maintenance of neuromuscular junctions [50] . The clinical feature of CMSs with DOK7 mutations varies and differs significantly from CMSs caused by mutations in other genes. The age of onset might differ from neonates to the third decade of life. However, most patients manifest a specific 'limb-girdle' weakness with frequent respiratory problems and ptosis, but without ophthal- moparesis [51] . Obtaining CMSs genetic diagnosis is essential because of various kinds of treatment, associated with the mutant gene. Patients do not benefit from acetylcholinesterase inhibitors and clinical worsening is common after pyridostigmine use, but clinical improvement has been frequently observed after using ephedrine, salbutamol, and albuterol [52] .
Collagen type XIII alpha1 chain dysfunction (Encoded by the COL13A1 gene 10q22.1)
COL13A1 is a large gene (157 kb in size and at least 38 exons) that encodes the alpha chain of atypical, non-fibrillary transmembrane collagens and expressed at low levels in connective tissues. COL13A1 is present in the postsynaptic and synaptic basement membrane and involved in the development and maturation of the neuromuscular junction, which has been purposed as a potential congenital myasthenia syndrome-related protein [53] . Very early-onset of CMSs with the autosomal recessive pattern of inheritance has been recently explained by mutations in the COL13A1 gene. Its clinical manifestation varies that consists of proximal and distal limb hypotonia, ptosis, feeding dysfunction, infant-onset spinal rigidity, respiratory deficiency, dyspnea on exertion with exercise intolerance, dysphagia, gastroesophageal reflux, and poor head control [54] . Salbutamol and amifampridine (3,4-diaminopyridine) treatment is recommended in patients with mutations in the COL13A1 gene [2] .
Genes encoding proteins involved in glycosylation mutations
Disorders in glycosylation are associated with distinctive neuromuscular syndromes, including congenital myasthenic syndromes by mutations in genes encoding the enzymes DPAGT1 (11q23.3), GFPT1 (2p13.3), ALG2 (9q22.33), ALG14 (1p21.3), and GMPPB (3p21.31) [55] . Mutations in GFPT1 gene exhibit less than 3% of all CMSs. They are presented as slowly progressive muscle fatigue with limb-girdle muscular dystrophy (LGMD)-like phenotype responsive to pyridostigmine. Some variants showed severe dysphagia, myopathy, ptosis, and respiratory dysfunctions, which are rarely detected [56, 57] . The clinical manifestations of mutations in DPAGT1 gene are mild to severe muscle weakness, intellectual defects, unresponsiveness to pyridostigmine and amifampridine, and partial responsiveness to salbutamol [58, 59] . Both syndromes arising from ALG2 and ALG14 genes mutations with an early-onset LGMD-like CMSs, starting in the childhood and manifest as a limb-girdle pattern of muscle weakness with deficiencies in both neuromuscular junction and sarcomere. Treatment with pyridostigmine might benefit some patients [60] . GMP-PB congenital myasthenic syndrome patients display clinical presentations characteristic of congenital myasthenic syndrome types, due to glycosylation dysfunction with various weaknesses in proximal limbs, while eye and facial muscles are mainly spared. Although clinical features of GMPPB-related CMSs might be complicated by the appearance of myopathic manifestations, the correct diagnosis is significant due to possible response to proper treatments [61] .
Conclusion
CMSs are rare, hereditary, heterogeneous group of disorders, associated with genetic dysfunction of neuromuscular junction proteins. Clinical presentations of this disease are similar to myasthenia gravis, but CMSs are not autoimmune. Diagnosing CMS because of a large number of affected genes with various presentations and absence of a family history is very difficult; therefore, its treatment requires knowledge of the mutated gene. In this article, we attempted to review the relevant genes and mutations. Table 2 reviews the classification of CMS related to molecular targets at the neuromuscular junction. In addition, the symptoms and latest therapeutic advancements were noted.
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